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Abstract: Fast tool servo (FTS) is an efficient and reliable method in precision machining for
fabricating freeform surfaces or microarrays with sub-micrometric form accuracy. In this paper,
a Lorentz force FTS is designed where the voice coil motor is located inside the slide, and four
air bearings are used as support components. Three different control algorithms, namely
conventional PID control, advanced PID control with velocity/acceleration feed-forward (FF)
and sliding mode control (SMC) are implemented in the system, and corresponding Simulink
simulation models are built including for both mechanical and electrical systems. The results
show that advanced PID and SMC can reduce phase error and overshoot, and tracking error
can be controlled at 3.13% at 50 Hz. A new hybrid control algorithm (PID+SMC+FF) is
developed, with system tracking error subsequently decreased to 0.871% at 50 Hz. In addition,
with a suitable compensation method, the steady state tracking error is further decreased to
0.029%. Consistent results from testing with signals of different input frequency also indicate

the general effectiveness of the algorithm.

Keywords: fast tool servo; PID control; feed-forward control; sliding mode control; tracking
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1. Introduction

Fast tool servo (FTS) is an efficient technology for the manufacture of optical freeform or
micro-structured surfaces [1-2]. Currently, piezoelectric (PZT) FTS and Lorentz force (LF)
FTS systems have been developed for different shapes of surfaces. With well-designed flexure
hinges and an appropriate power source for the piezoelectric ceramics, the PZT FTS system

has high dynamic stiffness and can achieve high frequency responses up to several kHz and
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achieve micrometric displacements [3-4]. Critical problems with the PZT-FTS involve the
method used to control strong nonlinearity [3] and the design of the flexure hinge [4]. The
latter’s stiffness and coupling are the main design targets in the PZT-FTS mechanical design.
Yang et al. [5] designed a PZT-FTS with a static stiffness of 33.62 N/um and 20 um stroke.
Finite element analysis was adopted to get 2191 Hz dominant natural frequency. LF-FTS is
usually driven by a voice coil motor and supported by air bearings. It can reach millimetre level
displacements, but the range of response frequency is limited to tens or hundreds of Hertz [6].
Challenges associated with LF-FTS designs include inertia force [7], which causes the system

to vibrate, and control of the undamped system [8].

For an FTS system, the use of high-frequency responses means that the system is sensitive
to external disturbance and changes in internal factors [9], and thus it requires an effective
control system and algorithm to ensure positional accuracy and tracking performance. The
proportional integral derivative (PID) control algorithm is a classic and widely used algorithm.
Wang et al. [10] used a closed-loop PI controller with feed-forward control in a PZT-FTS
system (with a maximum amplitude of 10 um), which reduced tracking error to less than 150nm.
Lu et al. [11] combined a PI controller with a loop shaping compensator and adaptive feed-
forward cancellation for a fast tool servo system driven by an ultrafast motor. The tracking
error was 2.1nm (0.04%) when tracking a 16 um @ 3 kHz sinusoid signal. Wang and Yang
[12] used a PID controller with plug-in repetitive control for a PZT-FTS system designed for
non-circular piston turning, and the system achieved a tracking error of 5 pm (less than 1%).
For some FTS systems, combinations of PID controllers with other advanced algorithms such
as feed-forward, adaptive or repetitive control can achieve even better tracking performance.
However, the PID control algorithm has an overshoot problem and the parameters cannot be

changed in real-time.

Apart from PID control, other algorithms are also implemented in FTS systems. Ma et al.
[13] added repetitive control to a PZT-FTS system with a PI + feed-forward controller.
Tracking error was reduced to 3 um after tens of periods when tracking a sinusoidal signal of
0.4 mm @ 100 Hz. Adaptive control can be considered an improved algorithmic method of
repetitive control. Zhou et al. [14] developed a novel adaptive feed-forward cancellation (AFC)
control which can ameliorate the overshoot problem and improve tracking performance by
about 2 orders of magnitudes. Robustness to frequency variations was also verified. Meanwhile,
in active disturbance rejection control (ADRC) a state observer is built to deal with external

disturbance in the FTS system which can decrease the side-effects caused by unknown
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disturbance [15]. Wu et al. [16] designed an ADRC algorithm with feed-forward error
compensation for a LF-FTS system. Actual machining tests were carried out and the tracking
error was found to be less than 2 um at cutting depths less than 0.4 mm. With the development
of FTS algorithms, some advanced control methods such as zero phase error tracking (ZPETC)
and sliding mode control (SMC) have been introduced which can be used to solve specific

problems like phase error or overshoot in these control systems.

Lin and Chen [17] presented double feed-forward compensation control for an XY piezo
stage in which the algorithm was combined with PID, repetitive, and feed-forward control.
Average errors of 0.0215 um and 0.02 um were detected for the X and Y axes respectively at
100 Hz, and no obvious phase errors were detected. Duan et al. [18] developed sliding mode
repetitive control with feed-forward control, and tested 20 Hz, 50 Hz, 100 Hz and 200 Hz input
signals in the designed system. Compared to PID control, the maximum tracking error was

reduced from 10.92% to 0.82%.

ZPETC or feed-forward control can also predict the phase delay of the system, and these
control algorithms have been combined with other control algorithms. Azzaro and Veiga [19]
introduced a sliding mode controller based on neural networks, which were suitable for the
single and output system. Zhang et al. [20] designed an SMC algorithm with a variable
structure employing a new approaching law for a PZT-FTS, and system state error was reduced
from 2% to 0.5% and the rise time was also reduced to 0.8ms. Moreover, the results showed
that the system had the ability to deal with changes in the manufacturing processes used. SMC
does not require the full specification of the system and furthermore is effective in resisting
external disturbances. Hence it is suitable for nonlinear systems such as an FTS system, given
a well-designed approaching law. But the problem of chatting may occur, which needs to be

prevented when adopting an SMC algorithm.

Overall, there are many different control algorithms which have been developed and
implemented with PZT-FTS. But evaluations of control algorithms for LF-FTS are lacking,
and the influence of different control algorithms and parameters on system performance

requires further analysis.

In this paper, an LF-FTS system is designed and built based on a voice coil motor and air
bearings. The physical model and a corresponding simulation model are built. Three different
control algorithms, namely PID, advanced PID and SMC are tested for the LF-FTS system. By
combining the characteristics of three control algorithms, a new hybrid control algorithm is
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designed and implemented for the LF-FTS system. The performance of each control algorithm

includes the testing of step response, sine tracking performance and system bandwidth.

2. Design of the fast tool servo mechanical subsystem

2.1 Principle of FTS motion

The motion of an FTS is considered as a reciprocating motion in choosing a suitable driving

source, where the motion can be described as:

X=f(® [1]
where X is the travel distance of the FTS system which is a function of time ¢. It can also be
considered in terms of the movement locus of the system. All reciprocating movements can be
described as the superposition of several trigonometric functions. Therefore, Equation [1] can

be expanded to:

X = f(t) = Ao + Xi, Asin (w;t + @) 2]
where the system motion is considered to be sinusoidal, and it is assumed that the displacement-

time equation of the fast tool servo is:

X = Asin(wt) = Asin (2rft) [3]
v =X = wAcos(wt) [4]

a =X = —w?Asin (wt) [5]

F = ma = —mw?Asin (ot) [6]

where:

X is the travel distance of the system (m);
v is its speed (m/s);

a is acceleration (m/s?);

t is time (s);

A is the maximum stroke (m);

fis the frequency (Hz);

o is the angular frequency (rad/s);

F is the driving force (N); and

m 1s the mass of all the moving components (Kg).
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In this paper, the maximum frequency is 100 Hz and the maximum stroke is 3mm, the total
moving mass is no more than 1 Kg so that, according to Equation [6], the driving force should
be greater than 60 N. The tracking error requirement is set as 5% when doing the rough tuning.

And the ideal tracking error should be less than 1% when the fine-tuning is finished.

2.2 Mechanical structure of the FTS

To meet the system requirements, a voice coil motor (VCM) is chosen as the driving source.
Its mass is 190.5 g and it can generate a continuous motor force of 64.6 N and a maximum
stroke of 12.7 mm. A hollow square slide made of aluminium is designed as the guide
mechanism with a mass of 721g. Four air bearings are designed as the support mechanism
which gives negligible friction. A connection plate is used to connect the motor coil and the
slide, and the four air bearings are located around the latter. The tool holder is located in the
middle of the connection plate. The maximum stroke is limited by the bumper pads to + 3 mm.

A section view and schematic drawing of the FTS system are shown in Figure 1.

Bumperpad ¢« === =====--

Ball mounting screw

Air bearing <= === - -
Slide e —

Motor magnet
Toollhelder: « = — ==t :
Coil
Connection plate 4= =~

Base plate

Outside plate

Figure 1 Section-view of the FTS system
Modal analysis is performed on the mechanical system, and the results show that the 1%
order natural frequency is more than 328 Hz which is much higher than the intended working

frequency of 100Hz, indicating that the mechanical design is suitable for this FTS system.



3. Design of the fast tool servo control subsystem

3.1 Hardware implementation

The LF-FTS control system includes a multi-axis precision motion controller (Omron CK3M)
and a motor drive (ElImo Gold Hornet). The DSP controller CK3M was chosen because it
allows user-defined control algorithms to be implemented. A high resolution optical linear
encoder (Renishaw) is used as feedback element to form the positional closed loop. The system
also comprises a current loop in the motor drive. The controller generates the desired signal in
the form of analogue signals (=10 V) which are transferred to the motor drive which functions
as the current loop, and it can enlarge the current on a certain scale and maintain the current
signal in a stable state so as to prevent current overshoot. The signal is then transferred to the
voice coil motor. Movements are detected by the linear encoder which generates the position

signal back to the controller. A block diagram of the control system is shown in Figure 3.
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Encoder
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Figure 2 Control block diagram

The encoder in this paper generates a digital signal with 1 motor unit (mu) corresponding
to 10 nm (1 mu = 10 nm). Therefore, the feedback can be considered to be linear. For example,
for a system with a servo frequency of 16 kHz, if the desired motion signal is +1 mm @ 30 Hz
then the controller will generate a sine signal of 100000 mu @ 30 Hz. The controller will
calculate this digital signal according to the position loop control algorithms and transform it
into voltage signals. The motor drive amplifies the voltage signal, and can be considered as a
PI controller for the current loop. In this research, a self-tuning function of the motor drive is
adopted. The final bandwidth of the current loop is 3KHz, which is sufficient for the fast tool
servo system. When the motor receives the current signal from the motor drive, it generates a

motor force which carries the load to perform the desired motion. The system setup is shown



in Figure 3. All the following tests are based on the setup and the position signals are collected

from the encoder feedback.

(1) FTS system

(2) Encoder feedback
(3) Motor driver

(4) DC power supply

Figure 3 System setup

3.2 System identification and modelling

An open-loop frequency sweep from 0 Hz - 100 Hz is performed to conduct the system

identification. The identification model is built and includes the current loop and the FTS

mechanical system as shown in Figure 4. The controller generates the frequency sweep signal

and feeds it to the system whose output displacement is recorded and transformed to the system

velocity by the controller.

Controller
CK3M

Motor drive

Elmo My

Mechanism H—»

A 4
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Figure 4 Schematic diagram of system identification

It should be noted that the controller output is £10 V, whilst in the controller it is in the

form of +32768 digital signals according to 16 bits controller resolution. To render the

identification model close to the physical model, no unit conversions are adopted here, and the

open-loop frequency sweep results are shown in Figure 5.
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Figure 5 Input and output signals in open-loop frequency sweep

The state-space system identification model is used for the identification, as shown in
Equation [7]. When the model number is 1, the fit to the estimated data reaches 99.31%.
{dx/dt =Ax(t)+Bu(t)+Ke(t) 7
Y(t) = C x(t) + D u(t) + e(t) 7]
In the equation:

A=11.37, B=0.0006759, C=2.293x10°, D=0, K=3.877 107,

where K is a small number and e(?) represents disturbances in the system. In the research, the
influence of disturbances on the system is neglected. Next, the identification model is used to

build a simulation model of the FTS system.

Since the output of the identification model is system velocity, an integrator is needed in
the simulation model to transform velocity into a displacement signal. The control block

diagram of the simulation model is shown in Figure 6.

X(t) il Controller |Y Identification | © 1 =
CK3M model s
] State-space model Integrator

Figure 5 Control block diagram of the simulation model

To test the accuracy of the simulation model, the results are compared with physical test
results. A simulation model is considered to be the ideal situation, but the real physical testing
is a complex situation, with external disturbances such as electromagnetic interference and

vibration affecting the results. Therefore, the output signal of the controller (U) is chosen for
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comparison. If the controller output in the physical test and simulation model is in good
agreement, then the simulation model can be deemed to be a good representation of the system.
Also, the accuracy of the simulation model is the basis of the further development of control
algorithms. An accurate simulation model can decrease the adjustment time when running the
system physically, and the control parameters in the simulation model thereby allow a quicker
start for the physical model. In addition, in the accuracy test, the control algorithm is the
standard servo algorithm in the controller. The control parameters used in the simulation model
and physical test are exactly the same and the same input signals of 30 and 50 Hz are generated
in the simulation and physical models. The controller output is transformed into an analogue

signal so that comparison is more straightforward.

Figure 7 and Figure 8 show the output of the controller from the simulation and physical
tests with the same input signals of 30 and 50 Hz respectively. It can be seen that the results
are in good agreement with an overall discrepancy below 2%. This confirms that the simulation
model can accurately represent the actual system. Hence the simulation model is suitable for

use in for control algorithm development.

Comparison of controller output @ 30 Hz

Simulation output

Physically output b

Controller output U (V)

—]0 Il Il Il Il
0.1 0.12 0.14 0.16 0.18 0.2

Time t (s)

Figure 6 Comparison results of controller output @ 30 Hz



Comparison of controller output @ 50 Hz
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Figure 7 Comparison results of controller output @ 50 Hz

3.3 Control algorithms implementation and comparison

Three different control algorithms are implemented and compared in this research, namely PID,
advanced PID control with velocity/acceleration feed-forward, and sliding mode control. For

the convenience of explanation, the meanings of different signals are summarized in Table 1.

Table 1 Meanings of different signals

Name Meaning Value
CP(k) Command position From controller
AP(k) Actual position From encoder
CV(k) Command velocity CP(k)-CP(k-1)
CA(k) Command acceleration CV(k)-CV(k-1)
AV(k) Actual velocity AP(k)-AP(k-1)
e(k) Tracking error CP(k)-AP(k-1)

PID control is a classic control algorithm. It uses the error signal itself, and the integration
and differentiation of the error signal to form the control law. The control law and block

diagram are shown in Equation [8] and Figure 9 respectively.

u(k)pip = Kpe(k) + K; Z?:oe(]‘) + Kgle(k) — e(k — 1)] [8]
where:

u(k) is the controller output;
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K, is the proportional gain,
K; is the integration gain; and

K is the differentiation gain.
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Figure 8 Control block diagram of PID control

The control block diagram is built to simulate the real output of the controller, so the zero-
order hold transforms the continuous system into a discrete system, the sampling time is 0.0625
ms which corresponds to the frequency of the servo system of 16 kHz. The saturation block

represents the limits of the controller output (+10 V).

The second control algorithm combines PID control and velocity/acceleration feed-forward
control. The control law and block diagram are described in Equation [9] and Figure 10

respectively.

u(k)apip = Kpe(k) + K; Xf—o e (D] + [KuprCV (k) + Kapp CAR)] = [Kypp AV ()1[9]
where:
K, is the proportional gain;
K; is the integration gain;
Ky 1s the differentiation gain;
Ky is the velocity feedforward gain; and

K is the acceleration feedforward gain.
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Figure 9 Control block diagram of Advanced PID control

K, is used to offer sufficient control of the stiffness of the system. An increase in K, can
increase the response speed of the system; K; is used to reduce the system’s steady state error;
Ky connects with the damping of the control system where, unlike in classic PID control, the
differentiation gain takes effect on the actual position signal rather than the tracking error signal;
K, can be set as equal to K, in this application, and it is used to reduce the error caused by
the overlarge differentiation gain. A suitable value of Kasr can reduce the inertia error of the
system, especially for an FTS system where inertia force is directly proportional to the square

of the frequency.

The final control algorithm is sliding mode control (SMC), which is a kind of nonlinear
and discontinuous control. It is different from other traditional control algorithms in that SMC
can change the control status of the object to be controlled according to its dynamic condition,
thereby forcing the object to move along an as-designed track in what is called ‘sliding mode’.
The design of the SMC algorithm does not rely on the parameters and disturbance conditions
of the control object; thus, the controller can respond more quickly. The key to the application
of SMC is to choose a sliding mode surface (S) and build a suitably designed control law. In
this paper, a second-order sliding mode surface is designed and the control law is designed in

the form of a power series described in Equations [10] and [11]:

S =Kje(k) +K,(e(k) —e(k — 1)) [10]
U(k) sme = K3S + X5_o(Ky - sign(S) - le()]) [11]
where:

K and K> are the sliding surface parameters;

K3 and Ky are the control law parameters; and
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sign() is the sign function.

The control block diagram of the SMC is shown in Figure 11.

>|I<3

Identification 1
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Figure 10 Control block diagram of SMC

In SMC, the stiffness and damping of the system are dependent on the parameters of the
sliding surface. An increase in K; can increase the system control stiffness and response speed.
System damping can be altered by adjusting K>. At a logic combination of K; and K>, the system
can achieve suitable dynamic performance, while K3 and Ky are used to fine-tune the system.
When it reaches acceptable dynamic performance, adjustments to K3 and Ky can decrease the

phase error of the final system.

All three control algorithms are tested in the simulation and physical models. It should be
noted that the simulation model represents the ideal running conditions of the FTS system,
where there are no limitations on the control parameters which could cause the output of the

controller to remain at the maximum value or chattering problems, shown in Figure 12.

Controller output problem in simulation model

Controller output U (V)

Chattering

0 0.01 0.02 0.03 0.04 0.05
Time t (s)
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Figure 11 Controller output problem in simulation model

In the simulation model, the chattering of the controller output (red circle) does not affect
the final performance. But in the physical model, the controller cannot realize this kind of high-
frequency change. This will lead to the generation of controller noise and system vibration.
Furthermore, divergence among the control algorithms could occur which would cause the
failure of the whole system. Therefore, when adjusting the simulation model, system tracking
performance is not the only index to focus on. The controller output signal is also important in

the successful implementation of control algorithms.

After the simulation stage, the control algorithms with adjusted control parameters are
written in the controller, and step response and system tracking performance tests are carried

out on the physical model.

3.4 Performance of the control algorithms

A 1mm step signal is adapted to test the step response of the system with different control

algorithms. The results are shown in Figure 13:

1 mm step response
T T T
PID
s Advance PID
SMC

1.5

0.5

Displacement X (mm)

ol | | | |
0 0.02 0.04 0.06 0.08 0.1

Time t (s)

Figure 12 Step response of three different control algorithms
From the step response, the rise time and overshoot can be calculated, as shown in Table 2:

Table 2 Step response results of three control algorithms

Control algorithm Rise time (s) Overshoot
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PID 0.012 0.68%
Advanced PID 0.014 2.70%
SMC 0.027 0.00%

The PID and advanced PID control enable the system to have a shorter response time, but
overshoot also exists. The SMC solves the overshoot problem but the system needs more time

to reach the command position. Overshoot could cause phase errors, whereas the longer rise

time could also lead to phase errors while tracking the sine signal.

Four different sine signals were tested for the system, which are 1 mm @ 30 Hz; 0.68 mm
@ 40 Hz; 0.43 mm @ 50 Hz; 0.3 mm @ 60 Hz. In the following discussion, 0.43 mm @ 50
Hz is chosen as an example to show the control algorithm’s performances. Four indices can be
calculated from the test results to represent signal tacking performances: the root-mean-square
(RMS) error, steady-state error, amplitude difference and phase difference. Figure 14 (a) (b)

and Equation [12] - [15] show the calculation steps for the four indices. Besides, All the values

are given relatively to the input in the following calculation and comparisons.

15 Schematic diagram for index calculation

Schematic diagram for index calculation (Enlarged)
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Figure 13 (a) (b) Schematic diagram for index calculations
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The tracking performance with PID control is shown in Figure 15.

Displacement X (mm)

The root-mean-square error and steady-state error of PID tracking performance are 51.387%
and 75.034% respectively. The amplitude and phase errors are calculated from the peak points

of the input and output signals, which give phase delays of 28.713% and 3.333% respectively.

The tracking performance with advanced PID control is shown in Figure 16.

Displacement X (mm)
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Figure 14 PID control sine signal tracking performance

Advanced PID tracking performance (0.43 mm @ 50 Hz)
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Figure 15 Advanced PID control sine signal tracking performance
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The advanced PID control has an RMS error of 2.405%, 3.135% steady-state error and
2.939% phase error. No phase error is observed from the test results. Compared to PID control,
the tracking performance has improved significantly, indicating that the addition of

velocity/acceleration feed-forward control solves the phase error but overshoot still remains.

The tracking performance with SMC is shown in Figure 17.

SMC tracking performance (0.43 mm @ 50 Hz)

0.6

Input signal

Output signal

Displacement X (mm)

-0.6 I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time t (s)

Figure 16 SMC sine signal tracking performance

The values of RMS and steady state error of SMC are 7.683% and 11.341% respectively;
and the amplitude and phase errors are 5.209% and 0.691% phase delay respectively. The sine

signal tracking performance of SMC is better than PID control but worse than the advanced

PID control.

The tracking error curves of all three control algorithms are shown in Figure 18.
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04 Tracking error @ 50 Hz
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Figure 17 Tracking error of three control algorithms
When the system reaches the steady state, the tracking error is +0.31 mm for PID control,
+0.012 mm for advanced PID control, and +£0.047 mm for the SMC algorithm. Also, for 50 Hz
input, when the time is a multiple of 0.02 s, the tracking error at that time can represent the
phase error because the ideal value should be 0, while a large value at that time reflects a large
phase error. From Figure 18, it is obvious that the advanced PID control has the smallest phase

€Iror.

Among all the performance indices, steady state-error is most important. The primary goal
of the control algorithm is to reduce the system’s steady-state error to within an acceptable
range. Then, the amplitude and phase errors can be used to build compensation for the system
at the final stage in order to improve system performance further. To meet the requirement of
high positional accuracy, the tracking steady-state error of the FTS system should as small as
possible. The values of steady state error for different control algorithms with different input

signals are summarised in Table 3.

Table 3 Steady state tracking errors of different control algorithms

Steady state error (¢)
1.00 mm @ 30 Hz | 0.68 mm @40 Hz | 0.43 mm @ 50 Hz | 0.3 mm @ 60 Hz
PID 25.702% 47.645% 75.034% 105.671%
Advanced PID 1.211% 1.938% 3.135% 5.560%
SMC 5.685% 8.411% 11.341% 14.286%
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The steady-state error increases with the frequency of the input signal. When the command
signal frequency reaches the maximum bandwidth of the system, it becomes difficult for the
system to track it. The advanced PID control has the best performance among all the control
algorithms in terms of steady-state error, but the value of the latter at the higher input frequency

(>50Hz) also exceeds the requirement of 5% or less of this type of error.

Three typical control algorithms are designed and compared. For the application of FTS,
advanced PID control can solve the phase error problem and SMC can solve the overshoot
problem, but the steady error at high frequency is still high. Therefore, in order to achieve a
higher tracking accuracy for the system, a hybrid control algorithm was designed for the FTS

system.

4. Proposal of a hybrid control algorithm for the FTS system

4.1 Hybrid control algorithm design and tests

As discussed in Section 3, feed-forward control can eliminate phase error and SMC can reduce
the overshoot. A hybrid control algorithm combining PID control, velocity/acceleration feed-
forward (FF) control and SMC is proposed and its performance is discussed in this section.

Figure 19 shows the control block diagram.
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Figure 18 Control block diagram of new control algorithm for FTS system

19



Simulations were carried out to investigate the different combinations and influence of the
PID+SMC+FF control algorithms on the FTS system. The tracking performance of different

combinations is shown in Figure 20.
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Figure 19 Sine signal tracking performance of different combinations:

(a) PID + SMC; (b) PID + FF; (c) SMC+FF, (d) PID+SMC+FF

Figure 20 shows the effectiveness of the PID+SMC+FF algorithms. It can be seen that the
PID+SMC and SMC+FF algorithms can track the input sine signal, but their performance is
not good enough, which is similar to the advanced control algorithm. The PID+FF algorithm
shows good performance at the steady state, but the overshoot problem and phase error
problems are significant in the first two periods, which could cause divergence in the physical
model. Therefore, the combination of the three algorithms can give the system good sine signal
tracking performance. After adjusting the control parameters in the simulation model, the

control algorithm was written in the controller and some physical tests were carried out.

The 1mm step response results are shown in Figure 21.
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1 mm step response of PID+SMC+FF
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Figure 20 Step response of PID+SMC+FF
The rise time is 0.0134 s and the overshoot is 0.00%. The problem of overshoot is solved

and the rise time is not extended. The sine signal tracking performance is shown in Figure 22.

PID+SMC+FF tracking performance (0.43 mm @ 50 Hz)
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Figure 21 Sine signal tracking performance of PID+SMC+FF

The values of RMS and steady-state error are 1.954% and 0.871% respectively. The
amplitude error is 0.447% and there are no phase errors. It can be seen in Figure 22 that the

system reaches steady state after the first period and the output signal is close to the input signal.
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According to section 3, the system with the advanced PID control algorithm gives the best

tracking performances, and so the tracking error of the systems with advanced PID control and

the hybrid control algorithm was compared. The results are shown in Figure 23.
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Figure 22 Tracking error comparison results
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The values of steady state tracking error of advanced PID and PID+SMC+FF are +0.012

mm and +0.003 mm respectively. Also, as shown in Figure 23, the system with the

PID+SMC+FF algorithm reaches a steady state after the first period of the input signal

(0.0222s), whilst the system with the advanced PID control reaches steady state after three

periods of the input signal (0.0640s). This indicates that the PID+SMC+FF algorithm can offer

a faster response than advanced PID control.

Table 4 lists the steady state error results under different input signals with advanced PID

control and PID+SMC+FF.

Table 4 Steady state tracking error of advanced PID and PID+SMC+FF

Steady state error
1.00 mm @ 30 Hz 0.68 mm @ 40 Hz 0.43 mm @ 50 Hz 0.3 mm @ 60 Hz
Advanced PID 1.211% 1.938% 3.135% 5.560%
PID+SMC+FF 0.364% 0.594% 0.871% 1.335%

The steady-state error of the system with PID+SMC+FF is much smaller than that of the

system with advanced PID. The higher the input frequency, the more significant are the

improvements. In addition to the rapidity and stability of the control system, the bandwidth of

22



the system can represent the performance of system control. Therefore, the Bode diagrams of

the system with different control algorithms are shown in Figure 24.
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Figure 23 Bode diagram of the system with different control algorithms

Data was obtained from the closed loop frequency sweep of the system. Typically, when

the magnitude reaches -3 dB (dashed line), where the output signal is 0.707 times the input

signal, the corresponding frequency is defined as the bandwidth of the system. The bandwidths

(-3 dB) of the system with different algorithms are listed in Table 5.

Table 5 The bandwidths of the system with different algorithms

-3 dB (Hz)
PID 125.2
Advanced PID 242.3
SMC 250.3
PID+SMC+FF 1735.0

The PID+SMC+FF algorithm offers the largest bandwidth for the system. Overall, the FTS

system with the PID+SMC+FF algorithm gives the best control performance. A compensation

method can be implemented to improve the tracking performance further and the final

performance can be tested again after compensation.

Given the absence of phase error, amplitude error is the main reason for the tracking error.

Using this feature to perform the compensation, Figure 25 shows the compensation steps for

the system.
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Figure 24 Compensation steps for the system

First, performance in tracking the sine signal (0.43 mm @ 50 Hz) was tested. From the
enlarged diagram, it can be observed that the amplitude of the signal is 0.43192 mm with an
overshoot of 0.00192mm. If the input signal is decreased to 0.42950mm, the ideal output
amplitude is 0.43mm which is the command position at the first place. The test results are
shown in the enlarged diagram (‘After’), and the amplitude is 0.42950mm which is closer to
0.43mm than before. The same compensation was applied on different input signals, and the

results are shown in Table 6.

Table 6 The compensation results of different input signals

Input Input Output Compensated New output
frequency | amplitude | amplitude | ratio amplitude amplitude Tracking error
(Hz) (mm) (mm) (mm) (mm)
30 1.00000 0.99931 1.001 1.00110 1.00029 0.029%
40 0.68000 0.67999 1.000 0.68110 0.68115 0.169%
50 0.43000 0.43192 0.996 0.42950 0.42967 0.077%
60 0.30000 0.30123 0.996 0.29900 0.30025 0.083%

Essentially, the compensation method is a kind of feed-forward control which can detect
system overshoot in advance and realise the compensation on the input signal. This method is
suitable for a system with small phase error and where phase error needs to be corrected. The
FTS system with the PID+SMC+FF algorithms is suitable for compensation. With the

additional help of compensation, the tracking error is reduced to less than 1%, and is controlled
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at around 250 nm which satisfies the design requirements. This compensation method is an
overshoot correction method for the FTS system when phase difference is absent. This
engineering approach is normally applied to the maximum amplitude at each frequency. Before
actual machining, the system is tested to determine the compensation ratios at different
frequencies, and a lookup table is then generated for the FTS system. This compensation
method can be used after the fine-tuning of the system and is the last step of control system

tuning.

4.2 Maximum stroke and frequency tests

Tests are performed to determine the capability of the FTS system developed. When the system
is run with maximum available stroke of +3mm at SHz, the results show a maximum tracking
error of 2.07 um (Figure 26 (a)), whilst then the system is run with 0.1 mm amplitude at the
maximum working frequency of 100 Hz, the results show a maximum tracking error of 3.78

um (Figure 26 (b)).
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Figure 26 Results of system (a) maximum stroke test and (b) maximum frequency test

5. Conclusions and future work

In this paper, the influence of three traditional control algorithms on an LF-FTS system are
compared, and a new hybrid control algorithm is designed and tested. Tracking performance

and control characteristics are investigated. The following conclusions can be drawn:

1. Regarding rigidity and stability, PID control and advanced PID with feed-forward
control offer short rise times in the system of 0.012 s and 0.014 s respectively.
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However, the PID-controlled system exhibits an overshoot. SMC can solve the
overshoot problem but the rise time then increases.

2. Considering the accuracy of the control system, PID control can achieve the basic
tracking requirements, but the tracking error is unacceptable (75.034% @ 50 Hz).
The addition of velocity/acceleration feed-forward control decreases the phase error
and results in lower tracking error (3.135% @ 50 Hz). The single-use of SMC can
only has a better tracking performance than PID control (11.341% @ 50 Hz).

3. A hybrid control algorithm (PID+SMC+FF) is proposed and tested on the designed
LF-FTS. It is a combination of PID control, feed-forward control and the SMC
algorithm. A rise time of 0.0134s was measured with no overshoot. The tracking
performance increased to less than 1% (0. 871% @ 50 Hz). From frequency domain
analysis, the -3dB bandwidth of the control system is increased from hundreds to
thousands of Hertz (1735 Hz). PID+SMC+FF is a more appropriate control
algorithm for the LF-FTS system.

4. Input signals with different frequencies were tested for the new control algorithm,
and the results show that the algorithm is highly suitable for application.
Furthermore, due to the complete lack of phase error, a compensation method can

be applied which further reduces the system tracking error to 0.029%.

Future work will focus on the performance evaluation of the designed LT-FTS using

various control algorithms in machining experiments.
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